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Abstract 
A fleet of 9 two-wheelers (5 mopeds and 4 motorcycles) was tested in the Vehicle Emissions Laboratory of the European 
Commission Joint Research Centre to evaluate the effect of several tampering procedures on the tailpipe exhaust emissions. 
Vehicles performed prescribed driving cycles (ECE-R47 and WMTC) on a chassis dynamometer in a climatic test cell, and raw 
as well as diluted emissions were collected, the latter following the European legislation. After testing the vehicles in their 
original configuration, an intrusive tampering was applied and tests were repeated for comparison of the results. We found that 
the impact of tampering is vehicle- and compound-specific with a prevalence of negative effects on the exhaust emissions 
(regulated and unregulated). Remarkably in some cases, the tampering for improved vehicles’ performance increased the total 
hydrocarbons and carbon monoxide up to 27 and 15 times with respect to the original vehicles in hot engine conditions. Nitrogen 
oxides increased up to a factor of 2 when the tampering involved the intake air or hotter/leaner engine conditions. The results for 
unregulated compounds included ammonia (up to a 30 fold increase), nitrogen dioxide (up to 11 times), nitrous oxide (up to 
2.5 times), acetaldehyde (up to 2.4 times), formaldehyde (up to 4 times), ethanol (up to 3.4 times) and aromatic compounds (up to 
2 times). We show that tampering aimed at improving the vehicle’s performance can have deleterious effects on the exhaust 
emissions, thus posing serious concerns on air quality. 
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1. Introduction 
The transport sector is an important contributor to the deterioration of air quality, which affects human health and 
the environment from a local to global scale (EEA, 2013). Even though powered two-wheelers (PTWs: motorcycles, 
and mopeds with engine displacement < 50 cc), do not represent a large share of the circulating fleet worldwide 
(15% for Europe, see ACEM, 2013) they can become predominant in cities, where the majority of the world 
population live. Their effect on human health is therefore amplified in a populated environment so that 2-stroke 
PTWs can be considered the largest source of particulate matter and aromatic compounds in many cities, as recently 
pointed out by Platt et al. (2014). Two-strokers usually emit more than 4-strokers because of their simpler 
technology and because they burn also the lube oil together with the petrol in the combustion chamber (e.g., Zardini 
et al., 2014; Giechaskiel, 2015). A possible solution to reduce the contribution of PTWs to urban pollution is the use 
of a cleaner fuel (e.g., alkylated fuels with low content of aromatic compounds) and, for the 2-strokers, also of an 
engine oil with low ash-forming potential, as recently demonstrated by Zardini et al. (2014). Still, the scientific 
literature on PTWs is scarce if compared to passenger cars. 
From a legislative viewpoint, type approval tests on PTWs in the European Union are currently subject to 
emission limits for total hydrocarbons, carbon monoxide, and nitrogen oxides, with latest updates in 2013 for 
mopeds and 2006 for motorcycles (Euro 3 emission standards, see Directive 2002/51/EC, and Directive 
2013/60/EU). No change to emission standards or procedures was enforced from 2002 to 2013 for mopeds and from 
2007 to 2013 for motorcycles. A comprehensive upgrade in the European Union is foreseen in 2016 and 2020 with 
the introduction of i) the family of Light-vehicle category (L-category) to include a wide class of vehicles: mopeds, 
motorcycles, motor tricycles and quadricycles (Regulation EU No. 168, 2013); ii) the Euro 4 and Euro 5 standards. 
Public attention on the L-category increased recently after the release of Regulation EU No. 168 (2013) which 
deals also with a common practice among PTWs users, i.e. modify the vehicles (tampering) for several reasons: 
improved appearance and comfort, exhaust noise, and also to save money with non-original after-market parts of the 
vehicle. In particular, some modifications can be done to improve the performance of the vehicle. In the present 
study we are only concerned to those aspects of the tampering that act directly on the engine and exhaust system, 
because there is concern that such practices can deteriorate the exhaust emission of the vehicle. Note that the 
tampering of an engine for better performance is illegal in most nations worldwide, regardless of any official 
position taken by the European Commission, because a tampered engine ceases to comply with the original 
technical specifications at the time of vehicle registration. There are several ways in which a vehicle can be 
tampered to improve its performance by acting on the engine, fuel/air mixture, transmission, and exhaust system.  
This study is focused on the easiest types of tampering, related to the removal of the speed limiter, replacement of 
the exhaust system, and modifications of the air/fuel ratio and transmission ratio on PTWs. We performed roller-
-bench emission tests for a fleet of 9 L-category vehicles, 5 mopeds and 4 motorcycles in their original 
configuration. Tests were repeated after tampering the vehicles, and emissions were critically compared to the 
original ones. 
2. Methods 
Experiments were carried out at the Joint Research Centre of the European Commission, Vehicle Emissions 
Laboratory, inside a chassis dynamometer test cell for L-category vehicles. A description of the facility can be found 
in Adam et al. (2010) and in the schematic of Fig. 1. Briefly, vehicles ran on a roller bench (48" Zoellner GmbH) 
following prescribed driving cycles and their raw and diluted exhaust compositions were analyzed with several 
techniques (AMA i60, AVL) following European Union directives (Directive 70/220/EEC; Directive 97/24/EC): 
flame ionization detector for total hydrocarbons (THC), chemiluminescence detector for nitrogen oxides (NOx), 
non-dispersive infrared for carbon monoxide (CO) and carbon dioxide (CO2). CO2 is not subject to type approval 
legislative limits for PTWs, but it is usually reported as it is related to the vehicle’s efficiency (fuel consumption) 
and global warming. The raw exhaust was sampled at 1Hz via a heated line (190 °C) from the vehicle tailpipe. The 
diluted exhaust was obtained through a constant volume sampler (CVS) critical flow dilution tunnel (average 
dilution = 27; flow rate = 5 m3/min) and then collected in Tedlar bags for analysis at the end of the driving cycle. 
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which constitutes the methodology for reporting emission factors in mass/distance units, EFs, to compare with 
legislative limits.  
In addition, a Fourier Transform Infrared Spectroscopy (FTIR, MKS Multigas analyzer 2030-HS) was used for 
continuous measurements (at 1 Hz) of short-chain hydrocarbons, nitrogen containing species (oxides of nitrogen, 
NO, NO2; nitrous oxide, N2O; ammonia, NH3; hydrogen cyanide, HCN; isocyanic acid, HNCO), some oxygenated 
organics (e.g., ethanol, methanol, formaldehyde, acetaldehyde), and some aromatics (m- and o-xylene, toluene and 
benzene). Nine in-use vehicles were chosen to partially cover the PTWs family, see technical data in Table 1: two 
2-stroke mopeds, three 4-stroke mopeds (Sco1 to Sco5, where Sco stands for “scooter”, a common informal 
definition), 1 low-performance motorcycle, 1 medium-performance motorcycle, and 2 high-performance 
motorcycles (Mot1 to Mot4, where Mot stands for “motorcycle”). The legislation sets the limits for THC, NOx and 
CO depending on the Euro standard of homologation and the engine displacement, as summarized in Table 2. 
Vehicles were fueled with E5 standard petrol (up to 5% ethanol vol/vol), and the 2-strokers also with a semi-
-synthetic oil. 
Fig. 1. Schematic of the test cell facility and instrumentation. Regulated compounds are sampled from the dilution tunnel. Diluted exhaust is 
collected in Tedlar bags separately for different driving cycle phases, and analysed offline with the techniques described in the text, as prescribed 
by the legislation. Unregulated compounds are sampled through a heated line (190 °C) continuously at 1 Hz and analyzed with the FTIR. 
Table 1. Vehicle technical data: 2-stroke (2S) or 4-stroke (4S); engine volume (displacement); declared power; fuel injection system; after-
-treatment technology of the exhaust (2-W: 2-way oxidative catalyst – without abatement of NOx); mileage; year of vehicle registration; Euro 
standard emission category; driving cycle performed by the vehicle during tests; vehicle category as per Regulation EU No. 168 (2013). 
Vehicle 
Stroke 
(S) 
Displacement 
[cm3] 
Power 
[kW] 
Fuel 
system 
After- 
treatment 
Mileage 
[km] 
Year 
Euro 
standard 
Cycle Category 
Sco1 2S 50 3 Carburetor 2-W 2000 2010 Euro 2 ECE-R47 L1e-B 
Sco2 2S 50 3 Carburetor 2-W 1500 2010 Euro 2 ECE-R47 L1e-B 
Sco3 4S 50 2 Carburetor 2-W 1700 2010 Euro 2 ECE-R47 L1e-B 
Sco4 4S 50 3 Carburetor 2-W 2100 2010 Euro 3 ECE-R47 L1e-B 
Sco5 4S 50 3 Carburetor 2-W 1500 2010 Euro 2 ECE-R47 L1e-B 
Mot1 4S 125 8 Injection 2-W 1800 2012 Euro 3 WMTC L3e-A1 
Mot2 4S 280 16 Injection 2-W 3800 2012 Euro 3 WMTC L3e-A2 
Mot3 4S 650 40 Injection 2-W 30000 2002 Euro 1 WMTC L3e-A3 
Mot4 4S 1050 85 Injection 2-W 64000 2007 Euro 3 WMTC L3e-A3 
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Table 2. Emission limits for the vehicles in this study. 
Vehicle Euro 
Displacement 
[cm3] 
THC 
[g/km] 
NOx 
[g/km] 
THC+NOx 
[g/km] 
CO 
[g/km] 
Mopeds Euro 2 < 50 -- -- 1.2 1 
Motorcycle Euro 1 Any 3 0.3 -- 13 
Motorcycle Euro 2 > 150 1 0.3 -- 5.5 
Motorcycle Euro 3 < 150 0.8 0.15 -- 2 
Motorcycle Euro 3 > 150 0.3 0.15 -- 2 
 
Fig. 2. Driving cycles applied to mopeds Sco1 to Sco5 (ECE-R47 cycle, left panel), and motorcycles Mot1 to Mot4 (WMTC, right panel). In the 
ECE-R47 cycle, the maximum speed is truncated at 25 km/h for Sco2 to Sco5 (green curve). An example of the higher speed reached by 
a tampered version of the mopeds is displayed by the red curve. The WMTC is limited to Phase 1 + Phase 2 (at time = 1200 s) for motorcycles 
Mot1 and Mot2 (category L3-A1 and L3-A2, respectively), while Mot 3 and Mot 4 (category L3-A3) drive the entire cycle up to1800 s. 
Table 3. Summary of tampering procedures. CVT: Continuously Variable Transmission. SAS: secondary air system. 
Tampering 1 and 2 were cumulative for Sco2 and Sco5; alternative for Mot2. 
Vehicle Tampering 1 Tampering 2 
Sco1 Modified CVT ratio -- 
Sco2 Replaced tailpipe Removed CVT limiter 
Sco3 Removed air filter and intake air manifold -- 
Sco4 Removed CVT limiter -- 
Sco5 SAS off Replaced CVT and ECU 
Mot1 Replaced fuel injection unit and air filter -- 
Mot2 Replaced fuel injection unit (rich) Replaced fuel injection unit (lean) 
Mot3 Modified fuel injection unit & removed engine speed limiter -- 
Mot4 Removed air filter and modified carburetor air flow -- 
Fig. 2 displays the two driving cycles related to the vehicles in Table 1: the ECE-R47 driving cycle for Sco1 to 
Sco5 and the Worldwide harmonized Motorcycle Test Cycle (WMTC) for Mot1 to Mot4 (Regulation EU No. 134, 
2014). The ECE-R47 test cycle consists of eight elementary, consecutive cycles and lasts 896 s in total. Only its 
Phase 2 (also called hot phase) must be sampled to produce the EFs described above for type approval purposes 
(after July 2014 the type approval of vehicles requires the sampling of the entire cycle). However, we sampled the 
entire cycle and separately the cycle phases, even if not required for our vehicles. The speed limits for category 
L1e-B (Sco1 to Sco5) is either 25 or 45 km/h depending on the country of registration of the vehicle. Therefore we 
have chosen four mopeds with their speed mechanically limited to 25 km/h (Sco2 to Sco5), while Sco1 can reach 
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45 km/h. Note that the maximum speed of ECE-R47 for Sco2 to Sco5 in their original configuration (Original 
Equipment Manufacturer, OEM), was truncated to a maximum of 25 km/h and that Mot1 and Mot2 ran only on 
phase 1 and phase 2 of the WMTC (the version of the cycle for low performance motorcycles). The WMTC is more 
dynamic than the ECE-R47 as it is based on average driving behavior data and designed to be more representative of 
actual driving conditions (see e.g., GRPE, 2003). From the introduction of Euro 5 standard in 2020, all L-category 
vehicles will have to perform entirely or partially the WMTC (or its modified versions) for type approval tests.  
Table 3 summarizes the tampering procedures applied to our vehicles. We modified the vehicles in several ways 
that should correspond to the most natural and simple procedures based on after-market pieces availability and ease 
of technical intervention. Mopeds in general have the Continuously Variable Transmission (CVT) designed to limit 
the maximum speed to that prescribed by the country of registration. Consequently, we modified or replaced the 
CVT in order to achieve higher gear ratios, and thus higher speed. A second common way of tampering is the 
replacement of the tailpipe or part of it. A third one is the modification of the air/fuel ratio in the fuel injection 
system (lean or rich mixture), by acting on its controller, or by completely replacing the injection unit. 
3. Results and discussion 
3.1. Regulated compounds 
Fig. 3 displays the effect of tampering on the emission factors (EFs, mass/distance units) of regulated compounds 
(THC, NOx, CO) and CO2. EFs are given for the entire driving cycle (brown bars) and broken down by driving cycle 
phases: cold (Phase 1, cyan bars) and hot (Phase 2 and Phase 3, orange and red bars, respectively). Two-strokers 
(Sco1 and Sco2) in their original configuration (OEM) emitted larger amounts of THC, about 6 to 8 times, than 
4-strokers (Sco3 to Sco5) due to the incomplete combustion of fuel hydrocarbons in the simple 2-cycle engine. 
Conversely, the thermal NOx formation resulted in larger emissions from the hotter engine operation of 4-strokers. 
CO and CO2 emissions are less dependent on the engine technology and more on the quality of combustion and 
after-treatment technology. Similar values can be found e.g. in Zardini et al. (2014), and references therein. The 
modification of the CVT for Sco1 and the replacement of the tailpipe and removal of CVT limiter for Sco2 
increased the emissions of THC (doubled for Ph1+Ph2, and a 27-fold increase for Ph2 alone), while almost no 
change was observed after removal of CVT limiter on Sco4, meaning that a more performing tailpipe can have 
a dramatic impact on emissions regardless of the increase in maximum speed. The replacement of the engine control 
unit (ECU) of Sco5 (Tampering 2) to increase the maximum power output of the engine led to a 3-fold increase in 
CO emissions up to about 12 g/km, more than 10 times the limit of future Euro 5 mopeds (1 g/km). In general, 
tampering caused an increase in CO and THC for motorbikes, except from Tampering 2 (leaner air/fuel ratio) of 
Mot2 which is related to an increase in NOx. Remarkably, Mot1 exhibited a 2- and 5-fold increase in THC and CO, 
respectively for the entire cycle, and Ph1 of Mot3 exhibited an EF(CO) = 42 g/km. Mot4 was subject to a mild 
tampering that slightly increased THC and CO and doubled the emitted amount of NOx (from ≈ 0.2 to ≈ 0.4 g/km). 
In general, modifications to increase the engine power resulted in a decrease of NOx emissions, while those aiming 
at increased air intake and drivability had the opposite effect, as in the case of Sco3. Note that the level of CO2 
decreased with the increase of carbon containing species, THC and CO, shifting the emitted carbon from a long-
-lived climate pollutant (CO2), to short-lived pollutants (grouped together as THC) that may locally degrade the air 
quality. More information on regulated compounds for tampered vehicles can be found in TRL Report (2012).  
Sco2, Sco4 and Sco5 were subject to tampering procedures that increased the maximum speed up to 45 km/h (see 
an example in Fig. 1, left panel) and above if driven at wide open throttle for longer distances. As a consequence, 
the increases in EFs (mass/distance units) were partially masked by the increased in distance. For these vehicles, 
besides Fig. 3, useful for test repeatability and legislative purposes, we include Table 4 with the fold change of 
absolute mass emission during the driving cycles. These values are slightly higher than in Fig. 3 and can turn similar 
results obtained with the standard approach into increases up to 10–20% (see for instance CO for Sco4). Depending 
on the driving mode, commuting (fixed distance) or leisure (fixed time), the former or the latter results are more 
appropriate. 
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Fig. 3. Emission factors of regulated compounds. THC+NOx, and CO are regulated compounds for category L1e-B (Sco1 to Sco5); THC and 
NOx (separately), and CO are regulated compounds for category L3e. CO2 is not regulated for L-category vehicles, but usually reported. Results 
are from batch sampling of diluted exhaust as prescribed by the legislation, see Section 2. Ph1, 2 and 3 refer to driving cycle Phase 1, 2 and 3. 
Table 4. Fold change of tampered mass emissions with respect to OEM for mopeds with increased speed. 
Vehicle THC  
Ph1 
THC  
Ph2 
THC  
all 
CO  
Ph1 
CO  
Ph2 
CO  
All 
NOx  
Ph1 
NOx  
Ph2 
NOx  
All 
CO2  
Ph1 
CO2  
Ph2 
CO2  
All 
Sco2 Tamp1 0.9 20.8 1.7 0.9 4.6 1.3 1.1 1.0 1.1 0.8 0.5 0.6 
Sco2 Tamp2 1.1 27.5 2.2 0.9 4.6 1.3 2.2 1.8 1.9 0.6 0.4 0.5 
Sco4 Tamp1 1.0 1.3 1.1 1.0 1.2 1.1 1.1 1.0 1.0 0.9 0.8 0.9 
Sco5 Tamp1 1.1 1.5 1.1 1.1 1.4 1.2 1.0 1.0 1.0 1.0 1.0 1.0 
Sco5 Tamp2 1.4 3.0 1.7 3.7 3.9 3.8 1.0 1.1 1.1 1.0 0.9 0.9 
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3.2. Unregulated compounds 
Unregulated compounds are presented in Fig. 4 (mopeds), Fig. 5 (motorcycles), and Table 5 which reports the 
fold change of tampered versus original emissions (bold font for EF(tampered)/EF(OEM) > 2). Overall, the effect of 
tampering is vehicle- and compound- specific, with a negative impact on the quality of emissions for 7 out of 9 
vehicles. An increase of speciated organic and nitrogen containing compounds were observed except for Sco3 and 
Sco4. In particular for Sco3, unregulated compounds decreased after the removal of the air filter; see the related 
increase in NOx and CO2 emissions in the previous paragraph. This is in line with a larger air/flow ratio, and more 
immediate air supply to the engine leading to better combustion. Sco4 exhibited lower speciated hydrocarbons and 
larger nitrogen containing compounds emissions (NO2 and N2O, a long-lived climate pollutant), after tampering 
which consisted on the removal of the speed limiter. As this vehicle was able to run at higher speed after tampering 
the effect is more evident in Table 5, where distance differences are taken into account in contrast with Fig. 4 where 
the standard legislative output is reported. The same considerations on speed and how to interpret reported values 
are valid for Sco2 and Sco5 (see related discussion in Section 2 and 3.1). 
Table 5. Fold change of tampered unregulated emission factors with respect to the original configuration. Values refer to the 
entire driving cycle; Phase-specific results are discussed in the text, when relevant. T1 and T2: tampering procedures as per 
Table 3. For Sco2, Sco4, and Sco5 the different driving distance is taken into account, see text for details. Values that are not 
reported were below the detection limit, or the signal from the FTIR was too noisy for the compound to be resolved. 
Compound Sco1 Sco2 Sco3 Sco4 Sco5 Mot1 Mot2 Mot3 Mot4 
 T1 T1 T2 T1 T1 T1 T2 T1 T1 T2 T1 T1 
NO2 1.8 4.0 5.6 1.0 2.7 1.3 0.6  1.4 1.3 0.9 11.0 
N2O -- 2.8 1.1 1.7 2.3 0.8 0.8 0.3 0.3 1.1 1.0 0.8 
NH3 -- 1.2 2.7 0.2 1.1 1.1 0.8 3.1 30.0 2.8 1.2 0.1 
HCN 2.0 -- -- -- 0.8 1.2 1.3 1.7 3.5 1.3 1.2 0.4 
HNCO 0.8 -- -- -- 0.8 -- -- -- -- -- -- 1.4 
Methane 1.5 1.1 1.1 0.5 1.1 1.1 1.7 2.7 2.3 1.1 1.7 1.4 
Propylene 1.5 2.0 1.3 0.9 1.0 1.1 1.3 1.9 1.8 1.6 1.2 1.8 
Ethylene 1.6 1.5 1.0 0.6 0.9 1.1 1.4 2.1 2.0 1.3 1.3 2.1 
Ethane -- -- -- 0.7 1.0 1.2 1.3 1.6 1.8 1.3 1.2 1.1 
Acetylene 1.6 2.7 3.6 0.9 1.0 0.9 1.1 2.0 1.3 1.1 2.2 1.7 
1-3-Butadiene 1.0 1.8 1.2 0.6 0.9 0.9 0.9 2.1 3.5 1.7 1.0 1.3 
2Methyl-propene 1.1 1.6 1.5 0.7 1.0 1.2 1.7 2.1 1.5 1.3 1.5 1.3 
2-Methylpentane -- -- -- -- -- --  -- 0.9 -- -- 1.1 
2-Methylbutane -- -- -- -- -- --  -- 1.0 -- -- 1.0 
Octane -- -- -- -- -- --  -- 1.8 -- -- 1.3 
2-Meth-2butene 1.0 1.6 1.6 -- -- --  -- -- -- -- -- 
Ethanol 0.6 1.9 3.4 -- 0.7 0.6  0.8 -- -- -- 1.5 
Methanol -- -- -- -- 0.8 1.1 1.0 0.9 1.7 1.0 1.1 -- 
Acetaldehyde 1.3 1.4 1.4 0.9 0.9 1.0 1.2 1.2 0.8 0.6 0.8 2.4 
Formaldehyde 1.0 1.4 1.6 0.9 0.8 1.0 1.0 0.7 1.1 1.0 1.1 4.3 
Formic acid 1.3 1.1 2.6 -- 0.6 0.6 1.1 -- 0.9 1.1 -- 2.4 
o-Xylene -- -- -- -- 0.9 1.0 1.0 1.7 1.0 1.1 -- 1.4 
m-Xylene  -- -- -- 1.0 1.0 1.6 1.9 -- -- -- 1.8 
Toluene -- -- -- -- -- --  -- 0.9 -- -- -- 
Benzene  -- -- -- 1.0 -- -- 1.8 -- -- -- 1.1 
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Fig. 4. Emission factors of unregulated compounds for all mopeds in OEM (black squares) and tampered configuration (red circles and blue 
triangles). Refer to Table 3 for a summary of tampering procedures. Note the different horizontal axis scales. 
 
Fig. 5. Emission factors of unregulated compounds for all motorcycles in OEM (black squares) and tampered configuration (red circles and blue 
triangles). Refer to Table 3 for a summary of tampering procedures. Note the different horizontal axis scales. 
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Two-strokers (Sco1 and Sco2) confirmed their reputation as large emitters, and tampering made the situation 
even worse: high level of formaldehyde and acetaldehyde were observed (EF ≈ 50 mg/km), with an increase up to 
60% after tampering. Linked to these compounds are their potential precursors, methanol and ethanol. While 
methanol remained below 5 mg/km for all tests, ethanol reached up to ≈ 600 mg/km for Sco2, indicating that the 
emissions from these vehicles may be rich in oxygenated compounds. Notably, the level of aromatic compounds  
(m- and o-xylene) was very large (between 40 and 60 mg/km) for Sco4 and Sco5 and very sensitive to tampering 
procedures with effects both in the positive and negative directions.  
The effect of tampering is in general negative on motorcycles’ emissions (see Fig. 5). Few exceptions are 
ammonia for Mot4 and acetaldehyde for Mot2 and Mot3. On the other hand, ammonia peaks up to 60 mg/km and 
90 mg/km (3 and 30 fold increase) for Mot1 and Mot2 respectively after tampering, indicating that a richer air/fuel 
mixture may provide the necessary CO and H2 for the ammonia forming water-gas shift reaction that takes place in 
the catalyst. As a comparison, maximum and median reported values are about 60 and 20 mg/km for passenger cars 
(Suarez et al., 2015). Ammonia besides being toxic is also involved in the production of secondary aerosol particles, 
a major concern for urban air quality (EEA, 2013). Motorcycles’ aromatics ranged from 20 mg/km up to 80 mg/km 
after tampering (Mot4, m-xylene) and increased with fold changes < 2 for motorcycles. 
Methane in exhaust emissions is at present not monitored for PTWs. It will be indirectly monitored with the new 
Euro 5 legislation which sets a specific limit on non-methane hydrocarbons (68 mg/km) associated with a new THC 
limit (100 mg/km). Methane is a greenhouse and capable of forming tropospheric ozone, hence relevant for both 
global and local pollution. In our tests, methane exhibited values below 100 mg/km and generally followed the 
behaviour of the other speciated hydrocarbons. Tampering caused always an increase in methane emissions with 
a maximum fold change of 2.7 for Mot1. The only exception was for Sco3, justified by the removal of the air filter 
and hence leaner engine conditions. Normally, exhaust emissions from PTWs are larger during the first phase of the 
driving cycle than in the second, hot phase for hydrocarbons and CO (see e.g., Clairotte, 2012 and references 
therein) due to incomplete combustion at cold engine conditions. On the contrary, thermal NOx and other nitrogen 
containing compounds usually increase in mass emissions at warmer engine conditions. In our study this behavior is 
in general reproduced (not shown here). Interestingly, the tampering procedures affect at the same level the cold and 
hot part of the driving cycles. The average of the cold to hot fold change ratio was always between 0.9 and 1.2 for 
all vehicles), indicating that they are not related to the thermal engine conditions but can become a persistent new 
feature of the vehicle for all driving behaviours. The only exception is the replacement of the tailpipe for Sco2, for 
which the tampering had a double fold deterioration effect on emissions in the hot phase for both hydrocarbons and 
nitrogen containing compounds. In particular, our results show that i) the cold phase of PTWs is characterized by 
larger emissions than the hot phase, enhanced by tampered vehicles, ii) it will be a technological challenge to reduce 
the emissions during cold engine conditions, ii) for a comprehensive impact assessment it is crucial to sample the 
cold phase also for vehicles for which such a procedure is not prescribed. 
4. Conclusions 
We quantified for the first time the effects of tampering (altering the engine/vehicle characteristics) on the 
unregulated tailpipe exhaust emissions from a fleet of mopeds and motorcycles. We focused on technically easy, and 
thus likely to be common, modifications of the vehicle characteristics to quantify the deterioration of exhaust 
emissions for a fleet of 5 mopeds and 4 motorcycles. Unregulated and regulated compounds were characterized in 
raw and diluted exhaust during legislative driving cycles on a roller bench in a climatic test cell. 
We showed that mopeds’ and motorcycles’ exhaust emissions are very sensitive to tampering procedures, with 
several cases of dramatic increase of emission factors. Results are not homogeneous and are vehicle- and 
compound- specific, given the large number of compounds (up to 30) and the different engine technologies under 
investigation (2-strokers, 4-strokers, carburetor, electronic injection, etc…). Even very simple actions like removing 
the intake air filter for (potentially) better drivability can double the NOx emissions. The removal of the speed 
limiter alone has a low impact on the emissions, but the consequent higher reachable speed, arises the question 
whether legislative tests are limited in quantifying the OEM/tampered differences as they are based on a fixed 
speed-time profile and normalized on driven distance. 
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The intrusive tampering for improved vehicles’ performance (including tailpipe and injection unit replacement) 
increased the total hydrocarbons and carbon monoxide up to 27 (Sco2) and 15 (Mot2) times with respect to original 
vehicles in hot engine conditions. Unregulated emissions (not monitored during type approval tests) include 
ammonia (30 times the OEM emissions for Mot2), nitrogen dioxide, nitrous oxide, oxygenated compounds 
(acetaldehyde, formaldehyde, and ethanol), and aromatic compounds (m- and o-xylene). This work shows that 
intrusive tampering procedures aimed at improving the vehicle’s performance can have deleterious effects on the 
exhaust emissions, thus posing serious concerns on air quality. In particular, we identified increases in emissions for 
ammonia (up to a tampered value = 90 mg/km, larger than most of passenger cars), acetaldehyde and formaldehyde 
(up to 60 mg/km) and aromatics (up to 80 mg/km). 
The aim of this study covers several combinations of tampering procedures and vehicle types. However, it would 
not be safe to draw general conclusions on the atmospheric composition change related to the practice of tampering. 
Furthermore, the topic lacks of a reliable statistics even at a domestic level, also because tampering is an illegal 
practice. More studies are needed especially on two common tampering procedures, tailpipe and injection unit 
replacement, as they can turn a standard 2-wheeler into a super-emitter. 
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